INTRODUCTION
In higher plants, the maternally inherited phenomenon of cytoplasmic male sterility (CMS) results in the inability to produce or shed viable pollen (Hanson and Conde, 1985) . CMSassociated abortion of the meiocytes has involved a number of different morphological processes, including premature dissolution of the callose surrounding the tetrad (Izhar and Frankel, 1971; Warmke and Overman, 1972; Horner, 1977) and premature autolysis of the tapetum layer (Horner and Roger, 1974; Warmke and Lee, 1977; Holford et al., 1991) . In most cases of CMS, pollen sterility is associated with abnormal mitochondrial function in the sporophytic (maternal) tissue. In a limited number of examples, however, the mitochondrial abnormality predominantly affects development of the gametophytic (1N) stage (Warmke and Lee, 1977; Albertsen and Palmer, 1979; Johns et al., 1992) .
In most CMS systems, abnormal development of the male reproductive tissues is correlated with modifications of the mitochondrial genome. These include aberrant recombination events, insertions, and deletions that result in unusual open reading frames (ORFs; Dewey et ai., 1986; Young and Hanson, 1987; Kohler et al., 1991; Laver et al., 1991; Singh and Brown, 1991; Johns et al., 1992; Krishnasamy and Makaroff, 1993) . It has been postulated that the pollen sterility phenotype is a consequence of mitochondrial dysfunction. In most cases in which the CMS system has been investigated, the mitochondrial lesion apparently affects only male reproductive To whom correspondence should be addressed. development, whereas the remainder of the plant displays no phenotypic changes.
In severa1 plant CMS systems, unique mitochondrial DNA sequences associated with sterility were shown to be transcribed and translated into proteins. In cytoplasmic male-sterile petunia, a mitochondrial sequence derived by intragenic recombination is translated into a 25-kD peptide (Nivison and Hanson, 1989) . Similarly, unusual mitochondrial proteins associated with the CMS phenotype have been identified in CMS-T maize (Dewey et al., 1987; Wise et al., 1987; Hack et al., 1991) and in cytoplasmic male-sterile sunflower Laver et al., 1991; Moneger et al., 1994) . The most striking feature of the mitochondrial sterility-associated gene products identified to date is that they appear to be expressed in all plant tissues. Consequently, a clear association between their expression and the pollen sterility phenotype has not yet emerged.
In common bean, the CMS phenotype is associated with the presence of a unique 3.7-kb sequence, designated pvs (for Phaseolus vulgaris sterility), in the mitochondrial genome of the common bean line CMS-Sprite (Chase and Ortega, 1992; Johns et al., 1992) . Restoration to fertility in bean can be accomplished by introduction of the nuclear restorer gene Fr (Mackenzie and Bassett, 1987) or by spontaneous cytoplasmic reversion. Both of these events involve the apparently identical loss of the region of the mitochondrial genome encompassing pvs (Mackenzie and Chase, 1990; Johns et al., 1992; Janska and Mackenzie, 1993) . Within the pvs region, at least two ORFs have been identified, orf98 and orf239, which are predicted to encode peptides of 10.9 and 26.7 kD, respectively (Chase and Ortega, 1992; Johns et al., 1992) .
A second nuclear fertility restoration system has been identified in cytoplasmic male-sterile bean. In this case, restoration of pollen fertility is achieved by a single nuclear gene, Fr2.
Restoration to fertility by Fr2 does not involve loss of the pvs sequence from the mitochondrial genome (Mackenzie, 1991) ; rather, this nuclear gene seems to influence expression of the pvs sequence to restore normal pollen development. Recent evidence indicates that transcription of the pvs region occurs in CMS-Sprite and fertile line G08063, which contains the restorer gene Fr2. A complex pattern of transcripts from within the pvs region (7.0,6.8,4.7,3.3 , and 2.8 kb) is present in young seedling (Mackenzie and Chase, 1990 ) and floral bud (Chase, 1994) tissues of both lines in the sense orientation topvs-orf98 and pvs-orf239. Consequently, it does not appear that the restorer gene Fr2 directly influences transcription of this region.
In this study, we raised polyclonal antibodies against the putative protein encoded by pvs-orf239. This sequence was selected because it is the largest ORF encoded within pvs, and its predicted product contains a hydrophobic N terminus commonly found in membrane-bound proteins. We used antiPvs-ORF239 antibodies to investigate the pattern of expression of this unique mitochondrial sequence during development in cytoplasmic male-sterile common bean and to evaluate the effect of the restorer gene Fr2 on expression of this sterilityassociated sequence. The plant materials available for this study included CMS-Sprite, which contains the mitochondrial pvs sequence but no fertility restorer genes, WPR-3, a spontaneous fertile cytoplasmic revertant isonuclear to CMS-Sprite but lacking pvs, and the fertile restorer line G08063, which contains pvs as well as the fertility restorer gene Fr2. In contrast to all other CMS systems investigated to date, we found the Pvs-ORF239 protein localized in pollen mother cells and subsequent microspores of CMS-Sprite anthers. Expression of this sequence was not, however, detected in these tissues in a fertile line containing Fr2 or in the revertant. Localization of the Pvs-ORF239 product was also detected within the ovule tissues of the CMS-Sprite bean line.
RESULTS

Development of Polyclonal Antibodies against
Pvs-ORF239
The expression vector pMALc used in the experiment allowed development of an in-frame fusion between the orf239 insert and the maltose binding protein (MBP) gene contained 5'to the polylinker cloning site. Because the full-length orf239 sequence was unstable in €scherichia coli (data not shown), it became necessary to remove the first 82 amino acids from Pvs-ORF239. Figure 1 shows how this eliminated the hydrophobic domain to permit expression of the fusion protein. Chou and Fasman (1978) prediction of th8 secondary structure and hydrophobicity characteristics of Pvs-ORF239 (Devereux et al., 1984) is shown. Helices are represented by a sine wave, psheets by a sharp sawtooth wave, turns by a 180° turn, and coil by a dull sawtooth wave. Hydrophilicity (threshold 1.3) is superimposed on the plot. The arrow indicates the N terminus of the truncated Pvs-ORF239 protein used as the antigen for antibody production.
Rabbit polyclonal antibodies were raised against the intact fusion protein containing the truncated form of the Pvs-ORF239 protein. These antibodies were used in protein gel blot analysis to establish whether cross-reactivity with the truncated form of the protein was observed. Figure 2 demonstrates that the polyclonal antibodies (referred to as anti-Pvs-ORF239) recognized the uncleaved fusion protein, MBP: and the truncated Pvs-ORF239 protein. Dueto the availability of anti-MBP antibodies, the anti-Pvs-ORF239 polyclonal antibody was not affinity purified. Instead, the anti-MBP antibodies were used as acontrol for the specific labeling by anti-Pvs-ORF239. The observed Pvs-ORF239 cleavage product migrated at a molecular mass of 17.5 kD. The expected molecular mass of the truncated Pvs-ORF239, based on sequence, was estimated to be 17 kD. The mixture of cleaved and uncleaved fusion protein served as a positive control in all protein gel blot analyses. The truncated Pvs-ORF239 protein was purified and used as a positive control in subsequent ELlSA analysis.
Test for Expression of Pvs-ORF239
The anti-Pvs-ORF239 rabbit polyclonal antibodies, characterized by gel blot analysis to cross-react with truncated Pvs-ORF239 (Figure 2 ), were used in ELISA experiments to test for the presence of Pvs-ORF239 protein in plant tissues. The titer of the Pvs-ORF239 antibodies was evaluated by absorbing into the ELISA microtiter plate wells 5 ng of the purified truncated Pvs-ORF239 dissolved in coating buffer with 95 ng of BSA and incubating with a seria1 dilution of the antibodies. lncubation of the ELISA microtiter plate for 1 hr gave a reading of 0.974 with a 1/2500 dilution of the serum. In all subsequent analyses, wells containing 1,3,5, and 10 ng of purified truncated Pvs-ORF239 were included in all of the ELISA experiments. The limit of detection by the polyclonal antibodies was generally ~1 ng of Pvs-ORF239, giving an absorbance reading of 0.2 above background.
To test for the presence of Pvs-ORF239 protein in plant tissues, dilution of the antibodies was 1/1700. Mitochondrial and total protein preparations from roots, young etiolated seedlings, leaves and fractionated total protein from anthers of CMS-Sprite (pvs + , fr2/fr2), the WPR-3 fertile revertant (pvs~, fr2/fr2), and GO8063 (pvs + , Fr2IFr2) were analyzed simultaneously by ELISA. Fractionation of the anther protein involved size exclusion column centrifugation. Data presented in Table 1 indicate that a significant signal above basal level was observed in the anther protein preparation from CMS-Sprite only. Root mitochondrial protein preparations of CMS-Sprite gave an absorbance reading slightly above background. No other protein samples (total or mitochondrial protein preparations) demonstrated detectable cross-reactivity with the antibodies. Anther protein extracts from the fertile line GO8063, which contains the orf239 sequence, did not indicate the presence of the Pvs-ORF239 protein. Protein preparations from the WPR-3 fertile revertant served as a negative control because the pvs sequence is absent from mitochondria in this line. Based on ELISA analysis, expression of Pvs-ORF239 was detectable only within anther tissues of the CMS-Sprite line, suggesting that Pvs-ORF239 is associated with sterility and is expressed in a tissue-specific manner. Lane M contains molecular mass standards. Lane 1 contains the cleaved fusion protein products that were subjected to SDS-PAGE followed by protein gel blotting. The immmunoblot was incubated with anti-Pvs-ORF239 antibodies. The antibodies cross-reacted with the uncleaved fusion protein (MBP with truncated Pvs-ORF239), MBP, and truncated Pvs-ORF239. Figure 3 demonstrates that two protein bands, 27.5 and 21 kD in size, cross-reacted with the polyclonal antibodies in the protein preparations from dissected anthers of CMSSprite. Based on the DNA sequence, the expected molecular mass of the Pvs-ORF239 protein is 27 kD. The observed band at 27.5 kD should correspond to the intact ORF239 protein, whereas the lower molecular mass band may correspond to a degradation product or the result of protein cleavage during sample processing. The cross-reacting bands appeared diffused. This diffusion may be due to the nature of the hydrophobic N terminus of the protein (Konig and Sandermann, 1982) . Anther protein preparations of neither revertant WPR-3 nor GO8063, loaded in 50% excess concentration compared with preparations from CMS-Sprite, demonstrated crossreactivity with the anti-Pvs-ORF239 antibodies.
To evaluate the efficiency of intact mitochondrial protein extraction, a gel blot was probed first with anti-Pvs-ORF239 antibodies and then with anti-ATPA antibodies (ATPase a subunit). This gel blot analysis indicated that ATPA was present in all samples, whereas only CMS-Sprite had detectable levels of Pvs-ORF239 (data not shown). Consequently, protein gel blot experiments served to confirm the ELISA results, indicating that Pvs-ORF239 was present at detectable levels in anther tissues of CMS-Sprite only. These experiments also demonstrated that the CMS-Sprite anther protein cross-reacting with anti-Pvs-ORF239 antibodies has a molecular mass equivalent to that of the predicted gene product of pvs-orf239.
Immunocytological Localization of Pvs-ORF239 in CMS-Sprite
To analyze further the expression pattern of Pvs-ORF239 during anther development, a detailed light microscopic examination of microsporogenesis was conducted. Floral buds of the three bean lines, CMS-Sprite, the WPR-3 revertant, and GO8063, were embedded in Quetol, sectioned to a thickness of 4 urn, and stained. At a premeiotic stage, all three lines appeared similar in anther development, as presented in Figures 4A and 4B (line GO8063, although not shown, yielded results identical to the revertant). At the onset of meiosis, however, the callose deposition layer in CMS-Sprite meiocytes appeared to be variable and, in many cases, substantially reduced relative to the callose layer in either the revertant or the GO8063 line. In common bean, callose is deposited around the pollen mother cell at early prophase I (Zhang and Xi, 1991) . Sectioning of several CMS-Sprite floral buds revealed that callose deposition varied from a very thin layer ( Figure 4C ) to a much thicker one. The callose layer in the fertile line was consistently thicker and fully encased the products of meiosis ( Figure 4D ). These observations indicated that the effects of mitochondrial dysfunction might be evident already at premeiosis.
To verify that callose deposition was altered in CMS-Sprite, floral buds of CMS-Sprite, the revertant, and GO8063 were embedded in paraffin and stained with aniline blue for fluorescence microscopy. Fluorescence staining unequivocally demonstrated that callose deposition was significantly reduced and highly variable in the CMS-Sprite anthers. Examples of callose deposition in CMS-Sprite and the revertant WPR-3 are represented in Figures 4E and 4F . CMS-Sprite microspores, seen in Figure 4G , remained attached in the original tetrad configuration as described by Johns et al. (1992) , in contrast to the release of free pollen in the revertant ( Figure 4H ) and GO8063 lines.
At the stage of callose deposition, immunocytochemistry by light microscopy was performed to determine whether Pvs-ORF239 was expressed. Sectioned bud tissues of CMS-Sprite, the WPR-3 revertant, and GO8063 were incubated at the microspore tetrad stage with anti-Pvs-ORF239 antibodies. As shown in Figure 5A , a strong signal was observed within the tetrads of CMS-Sprite, but no labeling was detected in the surrounding sporophytic tissues. The labeling appeared to be localized within the callose layer and in the developing cell walls of the microspores during cytokinesis. In contrast, tetrads of the revertant and GO8063 were unlabeled except for low-level background ( Figure 5B ; results from GO8063 were identical and not shown). When mature pollen was subjected to the same procedure, again, only CMS-Sprite pollen, retained as tetrads, was labeled as shown in Figure 5C . At no stage in development were floral bud tissues from the WPR-3 revertant or GO8063 found to be labeled ( Figure 50 ; GO8063 not shown). Based on these experiments, the anther-specific expression of Pvs-ORF239 was associated with the aborting tetrads in the CMS line.
Our analysis of CMS-Sprite anther tissues indicated that pvsorf239 is expressed only in CMS-Sprite and is associated with the pollen mother cells and developing microspores. However, CMS is a maternally transmitted phenotype. Consequently, we were interested in whether mitochondria transmitted to the next generation, contained within the ovules, also express Pvs-ORF239. Embedded buds from the three plant lines used in the previous study were sectioned longitudinally and immunologically evaluated. In CMS-Sprite bud sections, labeling of the ovules is presented in Figures 5E and SF. No labeling was observed in GO8063 (data not shown) or in WPR-3 revertant (Figures 5G and 5H) ovule tissues. Labeling of the surrounding tissues was minimal and appeared to represent nonspecific background. These results suggest that expression of Pvs-ORF239 occurs in both developing female and male reproductive tissues of the CMS-Sprite bean line. Expression of Pvs-ORF239 in the ovules is intriguing because this organ has not yet been shown to display a sterility phenotype associated with pvs. Developmental differences between megasporogenesis and microsporogenesis, such as callose deposition, might render the male gametes susceptible to the effect of Pvs-ORF239.
To localize expression of Pvs-ORF239 more precisely, electron microscopic immunocytochemistry was performed using floral bud tissues from CMS-Sprite, the WPR-3 revertant, and GO8063 at the premeiotic tetrad and mature pollen stages. At Developing bud tissues from CMS-Sprite shown in (A), (C), (E), and (F) and the WPR-3 revertant in (B), (D), (G), and (H) were embedded in Quetol, sectioned, and incubated with anti-Pvs-ORF239 antibodies. Primary antibody detection involved incubation with gold-conjugated goat anti-rabbit IgG, followed by silver enhancement. Results from GO8063 were similar to those from WPR-3 and are not shown. premeiotic stages, pollen mother cells of CMS-Sprite contained well-defined mitochondria sparsely labeled by anti-Pvs-ORF239 antibodies, as presented in Figure 6A . Evaluation of 15 micrographs taken at random indicated that, per square millimeter, 85% of the labeling detected was within mitochondria. Mitochondria from the WPR-3 revertant ( Figure 65 ) and G08063 (data not shown) displayed no cross-reactivity with the antibodies except for low-lwel nonspecific background. Approaching meiosis, as the mitochondria began to lose their well-defined cristae, labeling in the meiocytes increased drastically in CMSSprite. Figures 6C and 6D show that gold particles were localized both in the cytoplasm and within mitochondria. Mitochondria of CMS-Sprite at this stage contained intricate, dense, and amorphous deposits as indicated in Figure 6D . Antibody labeling was observed in neither the revertant nor the G08063 cells at this stage (data not shown).
At the onset of callose deposition, intense cross-reactivity of the anti-Pvs-ORF239 antibodies with the callose layer was observed in the mate-sterile bean line, together with labeling of the developing primary cell wall ( Figure 6E ). Gold particles continued to be evident in the cytoplasm and the mitochondria of CMS-Sprite. After meiosis, callose surrounding the developing microspores in the WPR-3 revertant and G08063 was removed, and the individual pollen grains were released into the anther locule. In contrast, CMS-Sprite pollen remained in tetrads, apparently bound together by primary cell wall material ( Figure 6F ). Cytokinesis was often incomplete, and the mitochondria remained dedifferentiated (cristae not visible). lntense labeling of the undissolved callose layers, the primary cell walls, and degenerated mitochondria persisled until abortion in CMS-Sprite. This phenomenon was not observed in G08063 ( Figure 6G ) or in WPR-3 (data not shown). lncubation of the samples with anti-MBP (data not shown) and anti-ATPA antibodies ( Figure 6H ) or with preimmune serum produced no labeling of the callose layer or developing meiocyte cell walls. Together, results from these experiments indicated that expression of Pvs-ORF239 within developing pollen of CMSSprite is associated with mitochondria and, surprisingly, also with the developing callose layer and microspore wall.
lnteraction of Pvs-ORF239 with Cell Wall Preparations
The localization of Pvs-ORF239 in the callose layer and the cell wall during microspore cytokinesis was shown by both light and electron microscopy immunocytological analyses. To investigate further the specificity of the interaction of Pvs-ORF239 with the cell wall of CMS-Sprite, cell wall preparations of CMSSprite, the WPR-3 revertant, and tobacco were obtained from suspension cultures. The cell wall preparations were incubated in the presence or absence of the purified Pvs-ORF239 expression product (Pvs-ORF239 truncated form). Protein gel blot analysis of the supernatant solution after incubation of cell walls with Pvs-ORF239 indicated that Pvs-ORF239 was depleted from the solution in a11 three cell wall preparations (data not shown). lncubation of the cell walls with the protein mixture consisting of MBP, the fusion protein, and Pvs-ORF239 (truncated) was also conducted. Gel blot analysis revealed that only MBP remained in solution, whereas Pvs-ORF239 and the fusion protein were removed from the solution upon pelleting of the cell walls (Figure 7) .
Cell wall preparations were incubated with purified, truncated Pvs-ORF239, subsequently washed severa1 times with buffer, and treated with anti-Pvs-ORF239 antibodies. Immunocytochemistry was performed with the three cell wall preparations. Omission of the Pvs-ORF239 protein incubation in a11 three cell wall samples resulted in a lack of antibody labeling as shown in Figure 8A , whereas incubation of the cell wall preparations with Pvs-ORF239 resulted in extensive gold particle deposition, as indicated by Figures 88 and 8C . Controls omitting anti-Pvs-ORF239 antibodies (data not shown), secondary goat anti-rabbit IgG (Figure 8D ), or both primary and secondary antibodies (data not shown) also produced no signal. It should be pointed out that boiling the cell wall preparation in SDS after incubation with Pvs-ORF239 resulted in no detectable release of Pvs-ORF239 protein (data not shown). These data show that Pvs-ORF239 precipitates with, and apparently binds to, cell wall preparations of not only CMS-Sprite, but also the WPR-3 revertant and tobacco. The same experiments were duplicated using MBP and anti-MBP antibodies (New England Biolabs, Beverly, MA). No labeling of the cell wall preparations was detected (data not shown), indicating that our conditions did not favor nonspecific binding of proteins to the cell wall preparation.
DISCUSSION
Tissue-specific changes in the expression of mitochondrial genes (Conley and Hanson, 1994; Smart et al., 1994) and of nuclear genes encoding mitochondrial products (Johns et al., 1993; Huang et al., 1994) have been recently demonstrated in higher plants. Tissue-specific expression of a CMSassociated peptide has not been previously reported. This study presents three important observations. First, we have demonstrated tissuespecific expression of a mitochondrial peptide associated with pollen sterility. Second, the results indicate that a fertile plant line containing the mitochondrial sterility-associated sequence pvs does not appear to express Pvs-ORF239 in the presence of the nuclear restorer gene Fr2. Finally, these results demonstrate that Pvs-ORF239 is found both in developing pollen of the male-sterile line and in female reproductive tissues.
It has been suggested that expression of the pvs sequence causes pollen sterility in mmmon bean (Mackenzie and Chase, 1990; Mackenzie, 1991; Johns et al., 1992) . The current study localized the Pvs-ORF239 protein within the reproductive tissues of the male-sterile plant CMS-Sprite. Furthermore, the Pvs-ORF239 peptide was found to be associated with mitochondria during microsporogenesis. These obsetvations imply that the Pvs-ORF239 protein plays a role in the sterility phenotype observed in CMS-Sprite. However, the orf239 sequence Protein solutions containing uncleaved fusion protein, MBP, and truncated Pvs-ORF239 were mixed with cell wall preparations from CMS-Sprite, the WPR-3 revertant, and tobacco (cv W38). Gel blot analysis was performed. Lanes M correspond to the molecular mass markers. Lane C (control) is the control starting protein sample with uncleaved fusion protein, MBP, and truncated Pvs-ORF239. CMS-Sprite is sample 1, tobacco is sample 2, and WPR-3 is sample 3. Lanes 1W, 2W, and 3W (washes) were obtained after washing the cell wall samples with buffer after incubation with the solution from lane C. Lanes 1S, 2S, and 3S (supernatant) were the supernatants of the solution after incubation of the starting protein preparation with the cell wall samples.
represents only one of two ORFs cotranscribed from the unique pvs region (Chase and Ortega, 1992; Johns et al., 1992) . The predicted product of the second pvs-encoded ORF, Pvs-ORF98, has not been characterized, and its role, if any, in sterility is not known. The possibility that a combined effect of Pvs-ORF98 and Pvs-ORF239 causes the pollen sterility phenotype cannot be ruled out. Investigation into the expression of pvs-orf98 is needed to determine whether this sequence is also important to male sterility. The association of Pvs-ORF239 with the callose layer and the primary cell wall of CMS-Sprite developing microspores was unexpected. Because our experiment to localize Pvs-ORF239 included isonuclear lines CMS-Sprite and the revertant WPR-3, the possibility that the cross-reaction observed is due to a cellular wall-bound protein of nuclear origin is highly unlikely. Subsequent experiments to test the specificity of this Pvs-ORF239 affinity for the cell wall indicated that the truncated form of Pvs-ORF239 had a strong affinity for cell walls of not only CMS-Sprite, but also the WPR-3 revertant and even tobacco. It can be concluded from these experiments that the association of Pvs-ORF239 with the cell wall, at least in vitro, does not result from unique biochemical properties of the CMSSprite pollen wall. Rather, these results imply a general affinity of the protein for wall or callose materials. How the Pvs-ORF239 protein, presumably secreted or released from the mitochondria by lysis, is able to move to the periphery of the cell is not clear.
It cannot yet be concluded that the abnormal pattern of pollen development is a direct consequence of the association of Pvs-ORF239 with the developing pollen wall. This unusual association of Pvs-ORF239 with the callose layer and the primary wall may be a secondary effect of orf239 expression. The presence of a hydrophobic stretch of amino acids at the N terminus of Pvs-ORF239 suggests an association with the inner mitochondrial membrane to cause mitochondrial dysfunction. Nevertheless, one cannot ignore the data from light and electron microscopy studies indicating that the earliest phenotypic distinctions between CMS-Sprite and the isonuclear WPR-3 fertile revertant occur at the point of callose deposition prior to meiosis. Whether the accumulation of Pvs-ORF239 within the callose layer influences the pattern of callose deposition in CMS-Sprite is not yet known. We are investigating this question using plant transformation experiments in which gene constructs containing the Pvs-ORF239 sequence with and without a mitochondrial transit sequence will be introduced to plants. These subsequent experiments should indicate not only whether expression of Pvs-ORF239 is sufficient to result in abnormal pollen development, but also whether the localization of Pvs-ORF239 within the callose layer and pollen wall, bypassing the mitochondrion altogether, can cause the observed developmental change.
The localization of Pvs-ORF239 to the callose layer was unexpected for a second reason. In an earlier study, Johns et al. (1992) reported that abnormal pollen development in CMSSprite appeared to be associated with incomplete cytokinesis. The primary cell wall between microspores appeared to be perforated and allowed cytoplasmic connections to be retained between microspores. It was also demonstrated that pollen abortion as tetrads did not occur until much later in development after pollen mitosis. No differences in callose deposition between CMS-Sprite and normal fertile lines were reported. However, this previous study emphasized postmeiotic development. It was only after detailed observation of the pollen mother cells at the onset of meiosis in this study that the abnormally thin callose layers in CMS-Sprite were noticed. The modifications in pollen development patterns that occur before meiosis while pollen continues to develop to the binucleate stage suggest that the changes in callose and primary wall deposition are the first observable consequence of mitochondrial dysfunction in male-sterile CMS-Sprite. Pollen abortion as well as visible evidence of mitochondrial degeneration (data not shown) occur much later in the process.
To date, relatively little is understood about the mechanism controlling callose and pollen wall deposition. Studies of pollen development under conditions of premature callose dissolution, using transgenic plants containing a gene construct for p-1,3-glucanase, have demonstrated a close association between callose and the development of the primary pollen wall (Worrall et al., 1992) . Microspores in which callose dissolved early were unable to produce normal primexine and aborted. It is not clear, however, whether abnormal callose deposition, while resulting in tetrad pollen, necessarily leads to pollen abortion. In some plant species (Blackmore and Crane, 1988) and derived mutants (Preuss et al., 1994) , unusual patterns of callose deposition can lead to viable pollen shed in tetrads. Data are now accumulating to indicate the important roles played by a number of previously unknown proteins in cell wall modification (for example, see Fry et al., 1992; McQueenMason et al., 1992) . The possibility exists that Pvs-ORF239 could interfere with or mimic a protein required for callose deposition.
Previous studies have demonstrated that fertile accession line GO8063 contains a sterility-inducing cytoplasm apparently identical to that of CMS-Sprite (Mackenzie, 1991) . GO8063 was shown to be fertile by virtue of the presence of a nuclear fertility restorer gene, Fr2. Yet, transcriptional analysis indicates that the pvs transcript pattern is identical in CMS-Sprite and GO8063 seedlings (Mackenzie and Chase, 1990 ) and floral buds (Chase, 1994) . Results of this study, indicating nondetectable levels of Pvs-ORF239 in GO8063, imply that Fr2 influences expression of Pvs-ORF239 translationally or posttranslationally. It is important to note, however, that CMS-Sprite and GO8063 are not isonuclear lines. Consequently, it will be necessary to compare CMS-Sprite and CMS-Sprite-Fr2 nearisolines to define better the role of Fr2.
It should be pointed out that translational or post-translational control of pvs expression most likely occurs even in the absence of restorer gene Fr2. Earlier studies (Mackenzie and Chase, 1990; Chase, 1994) have demonstrated that pvs transcripts are present in young seedling and floral tissues of the CMS-Sprite plant. Furthermore, these transcripts apparently associate with polysomes in both tissues (Chase, 1994 ). Yet, this study demonstrates that the Pvs-ORF239 protein is not present in the young seedling, which implies that translational regulation or rapid protein turnover could account for the lack of Pvs-ORF239 in tissues other than reproductive ones.
A second fertility restoration system has been genetically characterized for CMS in common bean. Restoration of normal pollen development by Fr is accompanied by the loss of a large portion of the mitochondrial genome encompassing pvs (Mackenzie and Chase, 1990; Janska and Mackenzie, 1993) . Developmental analysis of this restoration process
shows that complete loss of pvs occurs during pollen and ovule development (He et al., 1995) . More significant to the results of this study, He et al. (1995) One final observation from this study is significant to the modeling of nuclear restorer gene action. Genetic analysis indicates that the fertility restorer gene Fr behaves as a sporophytic restorer (acts in 2N tissue) (Mackenzie and Bassett, 1987) , as does Fr2 (Mackenzie, 1991) . Hence, it is important to point out that Pvs-ORF239 expression was detected during premeiosis in the developing meiocytes. The significance of this observation is its implication that fertility restoration processes effected by Frand Fr2 are likely to occur during the brief period of Pvs-ORF239 expression just prior to meiosis.
Based on the results from this study, we can conclude that Pvs-ORF239 is associated with male sterility in common bean. Expression of this mitochondrial protein was observed only in the reproductive tissues of CMS-Sprite, indicating that its expression is tissue specific. The lack of Pvs-ORF239 in the fertile G08063 line containing the pvs sequence supports our earlier assumption that Pvs-ORF239 is post-transcriptionally regulated by Fr2. Observations from this study now provide the basis for direct investigation of the cellular processes leading to pollen abortion and suggest that the molecular basis of fertility restoration will be experimentally approachable in this system.
METHODS
Plant Materials
Three lines of common bean (Phaseolus vulgaris) were used. The fertile line G08063 contains the sterility-inducing cyloplasm (pvs+) and the nuclear restorer gene Fr2 (Mackenzie, 1991) . The CMS-Sprite line was derived from a cross of G08063 x cultivar Sprite followed by backcrossing, with Sprite (maintainer line) as the pollinator for 16 generations (Singh et al., 1980; Bassett and Shuh, 1982) . WPR-3 is a spontaneous fertile revertant of the cytoplasmic male-sterile line (CMS) that has lost a large portion of the mitochondrial genome encompassing the pvs sequence (Janska and Mackenzie, 1993) . CMS-Sprite and WPR-3 are isonuclear lines.
Protein Preparations
Young etiolated seedlings were grown on vermiculite for 7 days in complete darkness. Seedling rods, etiolated hypocotyls, greenhouse-gmn mature leaves, and dissected anthers of the three plant lines were used for protein preparations. The tissues were frozen in liquid nitrogen and ground to a fine powder. The ground samples were suspended in 10 mM Tris-HCI buffer, pH 6.8,0.10/0 Tween 20. After centrifugation at 5000g
for 30 min at 4OC, the supernatant was recovered and stored at -20%.
Mitochondria were purified from roots, leaves, and young seedlings as previously described (Mackenzie and Chase, 1990) . The mitochondrial samples were processed by the same protocol described previously and stored at -2OOC. Protein from dissected anther preparations was concentrated by Centricon filtration (Amicon, Inc., Beverly, MA). The samples were first centrifuged using Centricon-100 at 10009, which eliminated proteins with molecular mass greater than 85 kD. The filtrate was collected and centrifuged through Centricon-10 at 45009 to concentrate the anther proteins. These centrifugation steps size fractionated the dissected anther preparations from 85 to 10 kD. Protein concentration was determined using the Bradford protein assay (Bradford, 1976 ; reagent supply from Bio-Rad).
Cloning of the pvs Sequence
The orf239 sequence, when cloned in its entirety and transformed to an Escherichia coli host, was highly unstable. Consequently, a truncated form of pvs-off239 was used. Primers for the polymerase chain reaction (PCR) amplification were developed as follows: primer 5'-GTT-TGGAACTGGAATTCAGCTTGCACATGC-3' anneals to the template at nucleotides 2408 to 2437 (Johns et al., 1992) to introduce an EcoRl site; primer 5'-TAGTAAAGGTTGCCCCATTAGCGGGGATGC-3' anneals to the template at nucleotides 2876 to 2905 to introduce a Hindlll site. The PCR product encodes Pvs-ORF239 minus the first 82 amino acids. The PCR product was digested with EcoRl and Hindlll (Promega) according to manufacturer's instructions, ligated to the pMALc vector (New England Biolabs, Beverly, MA), and transformed to host cell IineTB-1.
Transformants were selected on Luria-Bertani (X-gal/ampicillin/ispropyl 0-o-thiogalactopyranoside) medium with replica plating to Luria-Bertani (ampicillin) plates minus inducer. The cloned off239 sequence was determined to be in-frame to the upstream maltose binding protein (MBP) gene by DNA sequence analysis (Sequenase; U.S. Biochemical Corp.).
Pvs-ORF239 Purification
Transformed bacteria containing the truncated Pvs-ORF239 sequence in-frame with and 3' to the MBP gene were grown according to the supplier's instructions (New England Biolabs). In brief, the bacterial culture was grown in a medium containing 10 g of tryptone, 5 g of yeast extract, 5 g of NaCI, and 2 g of glucose per liter, with an ampicillin concentration of 100 pglmL. Bacteria were incubated at 36OC to a cell optical density of 0.5 at 600 nm, and isopropyl p-D-thiogalactopyranoside was added to a final concentration of 0.3 mM. After 3 hr, the culture was harvested by centrifugation at 40009 for 20 min and resuspended in lysis buffer consisting of 10 mM phosphate, 30 mM NaCI, 0.25% Tween 20, 10 mM P-mercaptoethanol, pH 7.0. The cells were frozen at -2OOC overnight. The thawed bacterial suspension was sonicated, NaCl was added to a final concentration of 0.5 M, and the suspension was centrifuged at 90009 for 30 min. The supernatant, at a protein concentration of 2 5 mglmL, was loaded onto an amylose resin column. Protein was eluted with maltose-containing buffer and collected in 2.5" fractions. The fractions containing the fusion protein were identified using the Bradford protein assay (Bradford 1976 ; reagent supplied by Bio-Rad).
After denaturation of the fusion protein, cleavage MBP from Pvs-ORF239 was accomplished using factor Xa according to the protocol of the supplier (New England Biolabs). The cleavage product was assayed by SDS-PAGE on a 12% polyacrylamide gel. Coomassie blue staining of the first two lanes allowed verification of the Pvs-ORF239 protein at 17.5 kD. The remaining sample was cut from the gel and loaded into a GE200 Sixpac gel eluter (Hoefer Scientific Instruments, San Francisco, CA) for protein elution according to manufacturer's instructions. The purified Pvs-ORF239 truncated protein was used for rabbit immunization and experimental standard.
Antibody Production and Characterization
After bleeding for preimmune serum, the rabbit was injected with 150 pg/300 pL of fusion protein in complete Freund's adjuvant; 3 weeks later, the rabbit was injected with the purified Pvs-ORF239 truncated protein (50 pg1300 pL) in incomplete Freund's adjuvant. After three inoculation boosters, the antiserum was used to determine the titer and the specificity of the antibodies against the Pvs-ORF239 protein with the indirect procedure of ELISA.
ELISA Analysis
A 200-ng sample of protein (200 ngl 1OO pL) in coating buffer (1.59 g of Na2C03, 2.93 g of NaHC03 per liter, pH 9.6) was loaded to each well in an ELISA microtiter plate (Corning Glass Works, Corning, NY). After a 2-hr incubation at 37% the plates were washed three times by flooding with PBS-I% Tween 20. The anti-Pvs-ORF239 antibodies in PBS-Tween 20 were added and incubated for 2 hr at 37%. After several washes with buffer, alkaline phosphatase-labeled anti-rabbit goat IgG (Vector Laboratories, Burlingame, CA) was introduced into the well for 1 hr. Cross-reactivity was detected with the addition of a freshly prepared solution of p-nitrophenyl phosphate (Sigma) after thorough washing. The volume in all steps was kept at 100 pL. The plates were read at ANsnm. To standardize protein concentration in wells containing purified truncated Pvs-ORF239, BSA was added to raise the protein concentration to 200 ng/100 pL (1 to 10 ng of purified Pvs-ORF239 was added per well).
Protein Gel Electrophoresis and Blot Analyses
Heat-denatured protein samples in 6 x loading buffer (375 mM Tris buffer, pH 6.8, 12% SDS, 30% P-mercaptoethanol, 25% glycerol) were loaded into 12% acrylamide vertical slab gels (Protean II; BiwRad) for SDS-PAGE analysis (Laemmli, 1970) . Electrophoresis was performed at constant current of 15 mAfor 7 hr, with cooling at 4OC. The acrylamide gel was blotted to polyvinylidene difluoride membrane (Bio-Rad) using the wet procedure (Towbin et al., 1979) with Towbin buffer (25 mM Tris, pH 8.3, 192 mM glycine, 20% ethanol). The rapid transfer was performed at 100 mA for 1 hr. The membrane was incubated in Tris-HCI, pH 7.5,0.80/0 NaCI, and 10% dried milk at 4OC overnight. After several washes, the membrane was incubated at 37OC with the anti-Pvs-ORF239 antibodies in a hybridization oven (Hybaid; National Labnet Company, Woodbridge, NJ) for 2 hr. The antibodies were diluted in Tris-HCI (optimal dilution empirically determined), pH 7.5, 1% NaCI, and 1% dried milk. After three washes for 5 min each, biotinylated goat anti-rabbit antibodies were added for 45 min, followed by severa1 buffer washes and then by incubation with a solution of reagent containing avidin DH and biotinylated enzyme according to the supplier's instructions (ABC elite peroxidase kit 6101; Vector Laboratories). Color detection was achieved using horseradish peroxidase substrate solution containing 0.02% hydrogen peroxide and 0.1% diaminobenzidine tetrahydrochloride in 0.1 M Tris buffer, pH 7.2 (kit SK-4100; Vector Laboratories).
After hydration with PBS buffer, a gel blot previously incubated with anti-Pvs-ORF239 was probed with anti-ATPA antibodies (a subunit of ATPase). The blot was then treated with biotinylated goat anti-rabbit antibodies solution and, after several washes with buffer, incubated with avidin DH and biotinylated alkaline phosphatase H solutions (alkaline phosphatase kit AK-5001; Vector Laboratories). Color detection was achieved by hydrolysis of phosphate-containing substrate by alkaline phosphatase (kit II SK-5200; Vector Laboratories) according to the supplier's recommendation.
Light and Electron Microscopy lmmunocytochemistry
Floral buds collected from CMS-Sprite, the WPR-3 revertant, and G08063 were processed and embedded in Quetol (Ladd Research Industries, Burlington, VT) as previously described (Abad et al., 1988) . Sections, 4 to 6 pm thick, were obtained, transferred to a droplet of water sitting on a slide, and then adhered to the slide with heat (75OC). For cytological analysis, the sections were stained with 1% toluidine blue O in 50% aqueous ethanol with 1% sodium borate, washed, dried, and mounted with Permount (Fisher Scientific). Thick sections of the floral buds, used for immunocytochemistry, were washed in PBS buffer, The snhaflcement process was monitored visually with the light microscope, and the reaction was allowed to proceed for only 2 min at a time. The process was repeated three times for each slide. This stepwise enhancement was found to produce adequate signal without significant background or undesirable silver nucleation and silver depw sition onto the slides. The sections were then stained with aqueous 1% safranin O, 30°/o ethanol, to enhance contrast between the sample and the silver staining.
For electron microscopy immunocytochemistry, thin sections of the floral buds were mounted onto nickel grids and treated (Abad, 1992) . Briefly, after floating the grids on PBS buffer, pH 7.4,0.8% NaCI, 0.1% Tween 20, they were incubated in buffer containing the anti-Pvs-ORF239 antibodies for 1.5 hr. After three washes of 5 min each, the grids were floated on buffer containing gold-labeled (10-nm gold particle) goat anti-rabbit antibodies (Auroprobe EMG15; Amersham Life Science) for 30 min. The grids were washed, dipped vigorously in distilled water, and allowed to dry. The grids were then examined by electron microscopy. To compare results, grids were processed in groups simultaneously. Controls included (1) omission of the primary antiPvs-ORF239 antibodies in the described protocol, (2) preabsorption of ORF239 by anti-Pvs-ORF239 antibodies, (3) the rabbit preimmune serum, and (4) primary rabbit anti-MBP antibodies (New England Biolabs).
Fluorescence Microscopy
Floral buds collected from CMS-Sprite, the WPR-3 revertant, and G08063 were embedded in paraffin as previously described (Berlyn and Mischke, 1976; Johns et al., 1992) . Sections 14 pm thick were mounted onto slides with Fink's adhesive (1987) . The sections were stained specifically for callose with aniline blue (Jensen, 1962) and observed with fluorescence microscopy.
Cell Wall Preparation, and Gel Blot and lmmunocytochemical Ana1 yses
Cell suspension cultures of CMS-Sprite, the WPR-3 revertant, and tobacco (Nicotiana tabacum cv W38) were harvested and placed in a 0.75 M NaCl aqueous solution. Cell walls were isolated using a pressure decompression bomb (Carpita 1985; Komalavilas et al., 1991) . Briefly, a beaker containing a cell suspension was placed in a stainless steel chamber (Parr Instrument, Moline, IL), and nitrogen (up to 150 atm) was introduced into the chamber. The cell suspension was stirred to facilitate gas diffusion. After equilibrium was reached, the cell suspension was jettisoned into ambient atmospheric pressure. The pressure differential breaks open the cell, and the cytoplasm was released into the solution. The exploded cell solution was then passed through a nylon mesh and washed sequentially with icecold solutions of (1) 20 mM NaCI, 20 mM NaOAC, and 50 mM ascorbate, pH 5.5; (2) acetone; (3) 100 mM NaCI; and (4) 200 mM CaCI,, 20 mM NaCI, and 20 mM NaOAc, pH 5.5, to remove all traces of cytoplasm.
Solutions of cell wall preparations were mixed together with 200 pg of the factor Xa cleavage products of the fusion protein. The cleavage products included the uncleaved fusion protein, MBP, and truncated Pvs-ORF239. After incubation for 15 min, the supernatants were collected, and the pelleted cell walls were washed once with 10 mM Tris-HCI, pH 6.6, buffer. Gel electrophoresis and blotting were performed with the supernatant and the wash buffer solution.
The cell walls were used for immunocytological evaluation. Cell walls in suspension were incubated with or without the cleaved fusion protein (MBP, truncated Pvs-ORF239). After severa1 rinses, they were incubated with anti-Pvs-ORF239 antibodies in PBS buffer for 1 hr, rinsed, and incubated with goat anti-rabbit IgG antibodies tagged with gold particles of 15 nm. Silver enhancement of the gold particle with lntense M silver enhancement (Amersham Life Science) was sequential, with three 2min treatments separated by washes in distilled water. The change of solution was achieved by centrifuging the cell walls for 10 sec at 14,000 rpm (Eppendorf microcentrifuge; Brinkmann Instruments Co., Westbury, NY). Enhancement was monitored by light microscopy. Experimental controls included (1) cell wall preparation minus fusion protein incubation followed by anti-Pvs-ORF239 antibodies, gold-labeled goat anti-rabbit IgG, and silver enhancement; (2) cell wall preparations plus fusion protein incubation but omitting the secondary antibodies prior to silver enhancement; (3) cell wall preparations plus fusion protein incubation but omitting the anti-Pvs-ORF239 antibody incubation; (4) cell wall preparations plus silver enhancement treatment only. To compare datadirectly, cell wall preparations were run in groups with all the controls.
After incubation of the cell wall preparations with a protein solution containing MBP, truncated Pvs-ORF239, and the fusion protein, the cell walls were centrifuged at 14,000 rpm for 30 sec, and the supernatant was collected for gel analysis.
